In this research we have studied physisorption of hydrogen molecules on armchair (3, 3) boron-nitride nanotube using density functional methods. Optical properties of the boron-nitride nanotube, with and without adsorbed H2 molecules, were investigated under parallel and perpendicular polarized electric fields. The results indicate that the nanotube optical gap slightly changes due to H2 physisorption and increasing H2 physisorption suppresses the boron-nitride nanotube optical spectrum. Also, the nanotube gets more transparent as the H2 concentration increases, in other words boron-nitride nanotube dielectric function decreases. Anisotropic dielectric function is another result which is determined by random phase approximation method.
Introduction
After the first time that Dillon and co-workers reported adsorption of hydrogen molecule on carbon single-walled nanotubes [1] , many experiments and theoretical studies have been done to understand the adsorption mechanism on nanotube structures. Recently, the hydrogen molecule reaction to nanostructures such as graphene and carbon nanotubes has been investigated more [2] and the results show these materials are suitable selections for hydrogen encapsulation. Also, more studies have shown that the binding energy of hydrogen molecules adsorption on the substrate can increase by hetero atoms insertion in nanostructures such as boron-nitride nanotubes (BNNT) or silicon-carbide nanotubes [3] . The studies shown that adsorption mechanism depends on hydrogen form and chemisorption occurs when hydrogen is adsorbed in atomic form [4] . On the other hand, if hydrogen is adsorbed in molecular form physisorption takes place and hydrogen molecule reacts with the nanostructure through Van der Waals force [5] .
From the sensing point of view, nanostructures such as nanotubes, graphene, etc., have been illustrated to be promising nanoscale gas sensors due to their superb properties and large surface/volume ratio. Understanding changing of electronic and optical properties of these nanostructures due to gas adsorption outstandingly helps us to make gas sensors [6] . Generally, the electronic properties of sensors after exposing gas molecules will change, because of charge induction or charge transfer [7] [8] [9] . Molecule can act as a donor or acceptor of electron and causes a change in the Fermi energy of the system or it can add scattering channels [10] . Furthermore, the detailed knowledge of the optical properties of the * e-mail: amirhossein.bayani@gmail.com BNNTs under different gases are essential for their characterization and may be helpful to utilize them as nanooptoelectronic devices such as optoelectronic sensors or field effect transistor [11] . The BNNTs are expected to show several electronic, optical and magnetic properties such as the Coulomb blockade, photoluminescence and super paramagnetism [12] . In general, dielectric properties of nanomaterials are sensitive to size, dimensionality and morphology. Although the dielectric function of not exposed to gases BNNTs are calculated [13] , there is no survey on optical spectra of the BNNTs under different gases such as hydrogen.
In this paper, we carry out first-principle calculations to obtain binding energy of hydrogen molecules physisorption on armchair (3, 3) boron-nitride nanotube. To examine changes in the dielectric function of the nanotube, optical spectra are computed under electric fields polarized both parallel and perpendicular to the nanotube axis.
Calculation method
The first-principle calculations were performed using density functional method in which the functional of exchange-correlation is Perdew-Burke-Ernzerhof (PBE) [14, 15] . Only behaviour of valence electrons was considered and interaction with ionic nucleus within norm-conserving pseudopotential [16] has been done. The calculations of optimized system, binding energy and charge transfer were carried out with the PWSCF code of the Quantum Espresso package [17] , within plane waves (periodic boundary condition (PBC)) and pseudopotential. Orbitals of Kohn-Sham in plane-wave form up to 150 Ry have been developed. The SIESTA package [18] within LCAO approximation was used to obtain optical characteristic. For modelling the detection zone, an armchair BNNT (3, 3) which consisted of 18 boron and 18 nitrogen atoms have been used as a unit cell. Bond length between two atoms, before relaxation of the structure, was 1.45 Å (Fig. 1) . Symmetry cell was chosen a hexagonal lattice with parameters a = b = 25 Å and c = 7.36 Å. We have selected a and b very large to avoid any interaction between periodic replica nanotubes. We have made the structure relaxed in the first Brillouin zone with 1 × 1 × 11 sampling. For binding energy calculation and electronic structure, sampling in the first Brillouin zone 1 × 1 × 101 has been done, where the Monkhorst-Pack method [19] has been used in all cases. The structure has been completely relaxed according to the Hellmann-Feynman theory [20] until maximum residual forces on all ions were less than 0.01 eV/Å. The total energy also has been calculated with 10 −7 eV order of accuracy. Binding energy of hydrogen molecule (E ad ) was obtained through the difference between total energy of the nanotube plus hydrogen molecule(s) (E BNNT+nH2 ) and sum of the total energy of isolated nanotube (E BNNT ) and isolated hydrogen molecule(s) (nE H2 ) under equal conditions (Eq. (1)):
where n denotes the number of molecules adsorbed on the BNNT. The concentration density of adsorbed H 2 on BNNT is described by varying the number of H 2 molecules in the detection zone, which is determined by the H 2 :N ratio based on the number of H 2 molecules and the number of N (nitrogen) atoms on BNNT side wall.
The total charge transfer from the BNNT to the molecules can be estimated by projecting the charge density onto the atomic orbitals. The charge transfer was calculated as the difference between the Löwdin charges for pristine BNNT and BNNT with the adsorbate molecules. According to charge transfer, one can find out whether the adsorbate molecule acts as an acceptor or as a donor. It is important to mention that the charge transfer amount depends slightly on the method chosen for calculations.
To investigate the optical properties of the BNNT, the SIESTA package has been used which derive dipolar approximation to calculate the real and imaginary parts of the dielectric function, ε(ω) = ε 1 (ω) + iε 2 (ω) where E = ω being the energy of the incident radiation. The dielectric function is obtained by random phase approximation (RPA). We have set an energy range [0, 10] eV, Gaussian broadening of 0.005 eV and a 1 × 1 × 201 k-mesh.
Results and discussion
At first, the stable configuration for H 2 adsorption on BNNT was determined. According to articles [5, 21, 22] and the existence of charge symmetry, the most stable state of the molecule is above the hexagonal centre of the nanotube. Therefore the hydrogen molecule was considered in two directions, perpendicular and parallel to the nanotube axis (Fig. 2) . Binding energy of the molecule, by applying Eq. (1), was obtained through changing the distance of hydrogen molecule from the surface of nanotube for 2 to 6 Å. The binding energy versus distance, for both perpendicular and parallel states, is shown in Fig. 3 .
The binding energy of the perpendicular state is more than the parallel state so the perpendicular state is more stable. This shows that the polarization of hydrogen molecule in external field of the nanotube, depends on molecule direction and the external field of the BN nanotube. When the molecule is perpendicular to the nanotube axis, the external field of BNNT and the molecule are parallel, as a result the polarity of molecule and binding energy in this case are more than in the other case.
The minimum of the curve occurs at 2.9 Å which is the equilibrium distance (ED) of the molecule from the surface of the nanotube. The binding energy (BE) corresponding to ED is approximately equal to 80 meV and is less than the result reported in paper [3] as BE = 110 meV (ED = 3.0 Å).
The difference between the binding energy which is obtained here and obtained in paper [3] returns to nanotubes type. A zig-zag boron-nitride nanotube (10, 0) was considered in that paper whereas, an armchair boronnitride nanotube (3, 3) is studied here.
Then the concentration density is increased by adding H 2 molecules uniformly to the symmetric sites on the tube side wall. Figure 4 shows the representative configurations of the BNNTs with different H 2 :N ratios. Binding energy and charge transfer were calculated for each concentration density and Table I presents the results. These results reveal that the increase in the H 2 molecule concentration increases the binding energy and the charge transfer from the nanotube to the molecule(s). 
Optical properties
To investigate the optical properties of the BNNT, the real and imaginary parts of the nanotube dielectric function were computed for parallel (z-direction) and perpendicular (x-direction) polarization relative to the nanotube axis which are shown in Fig. 5 . The imaginary part of the dielectric tensor can be computed by the knowledge of the electronic band structure of the solid. In the limit of linear optics, nonspin polarized and within the RPA frame work, we can use Eq. (2) [23] .
The corresponding real part is obtained from the imaginary part of the dielectric tensor components by the Kramers-Kronig transformation as Eq. (3). Figure 5 shows the calculated results for real and imaginary parts of dielectric function, according to Eq. (2) and (3), for different H 2 concentrations. The imaginary part of the dielectric function, as displayed in Fig. 5c,d indicate that, there is no optical adsorption in the low-energy region (0-4 eV) for both polarizations but for further energies, there is optical adsorption and strong anisotropy in the optical spectra. Figure 5a ,b is used to calculate the dielectric constants. The optical gaps and dielectric constants of (3, 3) BNNT for different H 2 concentration are obtained from Fig. 5 and summarized in Table II. One can see from the results that the optical band gap of the nanotube increases slightly with increasing H 2 concentration but this is vice versa for dielectric constant behaviour and the nanotube becomes more transparent by hydrogenation. The optical gap value for the electric perpendicular case is larger than the parallel one which is in very good agreement with other DFT calculations [13] .
Conclusion
Binding energy and charge transfer for different H 2 concentration on armchair boron nitride nanotube (3, 3) are found. The results showed that binding energy and charge transfer increased by increasing H 2 concentration density. To investigate the optical properties of the BNNT with different H 2 concentration, dielectric function of the nanotube is calculated for both polarizations, parallel and perpendicular to the tube axis. The results show that the dielectric function is anisotropic and dielectric constant decreases with increasing H 2 concentration and the nanotube becomes more transparent.
